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Background: The cause of leiomyosarcoma (LMS) is unknown.
Results: Experimental modulation of versican levels in LMS cells resulted in altered cell proliferation, adhesion, migration, and
tumor growth.
Conclusion: Versican regulates the growth of LMS tumors in a mouse model.
Significance: Collectively, these results suggest targeting versican in the treatment of LMS.

Leiomyosarcoma (LMS) is a mesenchymal cancer that
occurs throughout the body. Although LMS is easily recog-
nized histopathologically, the cause of the disease remains
unknown. Versican, an extracellular matrix proteoglycan,
increases in LMS. Microarray analyses of 80 LMSs and 24
leiomyomas showed a significant elevated expression of ver-
sican in human LMS versus benign leiomyomas. To explore
the importance of versican in this smooth muscle cell tumor,
we used versican-directed siRNA to knock down versican
expression in a LMS human cell line, SK-LMS-1. Decreased
versican expression was accompanied by slower rates of LMS
cell proliferation and migration, increased adhesion, and
decreased accumulation of the extracellular matrix macro-
molecule hyaluronan. Addition of purified versican to cells
expressing versican siRNA restored cell proliferation to the
level of LMS controls, increased the pericellular coat and the
retention of hyaluronan, and decreased cell adhesion in a
dose-dependent manner. The presence of versican was not
only synergistic with hyaluronan in increasing cell prolifera-
tion, but the depletion of versican decreased hyaluronan syn-
thase expression and decreased the retention of hyaluronan.
When LMS cells stably expressing versican siRNA were
injected into nude mice, the resulting tumors displayed sig-
nificantly less versican and hyaluronan staining, had lower

volumes, and had reduced levels of mitosis as compared with
controls. Collectively, these results suggest a role for using
versican as a point of control in the management and treat-
ment of LMS.

Leiomyosarcoma (LMS)5 is a mesenchymal form of cancer
that originates from smooth muscle cells in dermis or deep soft
tissues. LMS can also occur in parenchymal organs, most often
the uterus, but is also observed within large blood vessels such
as the inferior vena cava. Other than surgical excision, there is
presently no cure, and the disease is often fatal if not detected
early (1, 2). Although the extracellular matrix (ECM) has been
shown to influence the behavior of various tumor types, the role
of the ECM in governing the progression of LMS remains
uncharacterized.

Versican is an ECM proteoglycan and a member of the large
chondroitin sulfate proteoglycan family that interacts with
hyaluronan. Versican is known to occur in at least four splice
variants: V0, V1, V2, and V3 (3). Versican isoforms V0 and V1
are the predominant isoforms produced by adult smooth mus-
cle cells with V1 as the most abundant form (4). V2 is primarily
expressed in neural tissue and not typically by smooth muscle
cells, and V3 is variably expressed in a number of tissues but at
comparably lower levels than the other isoforms (5). Common
to these splice variants are the N- and C-terminal ends, or G1
and G3 globular domains, respectively. The G1 domain of ver-
sican, which contains a hyaluronan-binding region, plays a role
in mediating cell proliferation, adhesion, and migration,
whereas the G3 domain is involved in cell phenotype control
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and cell signaling through its association with integrins, micro-
fibrillar fibulins, and epidermal growth factor (EGF) receptors
(for reviews, see Refs. 4 and 6). Between the terminal G1 and G3
domains of versican, are alternatively spliced �- and �-glycos-
aminoglycan (GAG) attachment domains important to versi-
can biology (7). Versican interacts with hyaluronan, which is a
large glycosaminoglycan also shown to be involved in cell
migration, adhesion, and proliferation. Hyaluronan is made
entirely of repeating disaccharide (D-glucuronic acid �-1,3-N-
acetylglucosamine-�-1,4) units and is synthesized by three
related hyaluronan synthases (HAS1, HAS2, and HAS3).

Molecules such as versican and hyaluronan are present at
relatively low levels in normal healthy tissue but then increase
dramatically in many different diseases (8 –10). Versican and
hyaluronan interact to form large macromolecular aggregates
around cells that accumulate in a multitude of tumor types (for
reviews, see Refs. 6 and 11). The expression of hyaluronan and
versican in such a wide variety of cancers suggests an active role
for these molecules in tumor development. For example, Sakko
et al. (12) showed that an increase in versican expression in the
ECM facilitates prostate tumor invasion and metastasis by
decreasing cell-ECM adhesion. In addition, versican isolated
from Lewis lung carcinomas is capable of stimulating inflam-
matory cytokine production by bone marrow mononuclear
cells, thus facilitating metastasis (13). Accordingly, a number of
research groups have correlated levels of hyaluronan and versi-
can accumulation with tumor growth and metastatic potential
(11, 14 –17).

Although a number of studies have shown versican to be
up-regulated in various types of cancers and versican levels
have been shown to be altered in leiomyoma (18) (the benign
neoplastic counterpart to LMS), only a limited number of stud-
ies have shown a differential regulation of versican in LMS (19,
20). To further examine the involvement of versican in LMS, we
analyzed 12 LMS and three leiomyoma clinical samples by
immunohistochemistry and 80 LMSs and 24 leiomyomas by
microarray to compare versican expression levels in these
malignant versus benign neoplasms. Our results indicate that
versican protein and mRNA levels are significantly elevated in
LMS versus leiomyoma. We performed a targeted knockdown
of versican using small interfering RNA (siRNA) to examine the
role of versican in regulating cell proliferation, migration, cell
shape, and substrate adhesion of human LMS cells. The mod-
ulation of versican levels exerted a significant influence on
tumor cell behavior in vitro. Moreover, when injecting nude
mice with cells expressing different levels of versican, tumor
progression was dramatically altered. Collectively, our results
suggest that versican might be an effective target for therapeu-
tic intervention in LMS.

EXPERIMENTAL PROCEDURES

Analysis of Versican Expression and Accumulation in Human
LMS Tumor Samples—Tumor samples were obtained from
patients with the approval of the University of Washington
Institutional Review Board. All tumor specimens were frozen
and maintained at �80 °C immediately after resection. Patho-
logic diagnosis was made by a surgical pathologist (B. P. R.) at
the University of Washington Medical Center with experience

in the diagnosis of sarcomas according to World Health Orga-
nization criteria (21). Histopathologic assignment of whether
the tumor was leiomyoma or grade 1, 2, or 3 LMS was deter-
mined using the French Federation of Cancer Centers Sarcoma
Group grading system, which is based on degree of differentia-
tion, mitotic activity, and necrosis (22).

For immunohistochemistry, a portion of the tumor speci-
mens (from 15 patients with a minimum of three of each tumor
grade) was fixed in 10% neutral buffered formalin and then
processed into paraffin. Rabbit anti-human versican primary
antibody (23) diluted 1:1000 was then applied to the tissue sec-
tions, incubated for 2 h at room temperature followed by horse-
radish peroxidase-labeled goat anti-rabbit secondary, and then
developed by standard immunoperoxidase procedures.

For mRNA Northern blot analyses, RNA was isolated from
freshly sampled and frozen tissue using TRIzol reagent (Invit-
rogen) and organic/acidic aqueous phase separation by the
methods of Chomczynski (24). Ten micrograms of RNA from
each sample was electrophoresed in a 0.8% agarose formalde-
hyde gel, alkali-denatured (50 mM NaOH, 10 mM NaCl) for
improved transfer, transferred to Zetaprobe membrane, and
immobilized by UV cross-linking. The blot was then probed
with a 32P-labeled cDNA probe specific for human versican and
washed as described previously (25). The DNA probe for versi-
can was a 2.4-kb fragment from the �-GAG region encoded on
a plasmid kindly provided by Dr. Richard LeBaron (University
of Texas at San Antonio).

Tumor Samples, Microarray Preparation, and Gene Expres-
sion Analysis—Gene array data for 51 LMS specimens were
published previously (26). Data for an additional 29 LMSs and
24 leiomyomas are new to this study. Fresh-frozen tumor sam-
ples were obtained as described previously (26). Tissue frag-
ments were homogenized in TRIzol, and total RNA was
extracted. Preparation of Cy-3-dUTP-labeled cDNA from ref-
erence RNA (Stratagene, Universal human reference RNA, cat-
alog number 740000) and Cy-5-dUTP-labeled cDNA from
tumor specimen, microarray hybridization, and washing of
arrays were performed as described by Perou et al. (27). The
microarrays contained �42,000 cDNA probes representing
�28,000 genes or expressed sequence tags and were printed on
polylysine-coated glass slides by the Stanford Functional
Genomics Facility. Details of microarray construction were
described previously (27). Microarrays were scanned on a
GenePix 4000 microarray scanner (Axon Instruments), and
fluorescence ratios (tumor/reference; red to green ratio) were
calculated using GenePix software. The raw data and the image
files are available from the Stanford Microarray Database.
Gene expression studies were performed with the approval of
the Stanford University Institutional Review Board. Raw data
were retrieved and averaged by biosequence IDs. The log(base
2) of the red to green ratio normalized ratio (mean) was
retrieved, and spots were filtered by the following criteria:
regression correlation, �0.6; Channel 1 mean intensity/median
background intensity, �1.5; Channel 2 normalized (mean
intensity/median background intensity), �1. A total of 38,585
biosequence IDs had usable spot data that passed the filter cri-
teria. For each sample in the analysis, expression was averaged
across all spots corresponding to the versican biosequence ID.
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Preparation and Expression of siRNA to Versican in LMS
Cells—To determine and select the siRNA that conferred the
most effective knockdown of versican, in vitro transcribed
siRNAs directed at the G1, �-GAG, and G3 regions of versican
were used. The siRNA Template Design Tool (Ambion) was
used to design the siRNAs, and the National Center for Bio-
technology Information Basic Local Alignment Search Tool
was used to verify the uniqueness and specificity of the versican
target sequences against the human genome. Targeting oligo-
nucleotide template sequences along with complimentary
sequences corresponding to the G1 (sequence 1059, 5�-AATT-
CACCTTCGAGGAGGC-3�), �-GAG (sequence 1361, 5�-
AGATTCAGAATCTAAGAAGA-3�; sequence 4592, 5�-
AGGATCTGGAGAAGTGGAT-3�), and G3 (sequence 6775,
5�-CTATGGCTGGCACAAATTC-3�) regions were purchased
from Sigma-Genosys. A Silencer siRNA construction kit
(Ambion) was used to subsequently produce in vitro tran-
scribed siRNAs. The annealed and purified siRNA products
were quantified spectrophotometrically at 260 nm.

Initially, to test the effectiveness of the siRNAs, 5 or 10 nM

concentrations of each siRNA was complexed in GeneEraser
(Stratagene) and applied to human SK-LMS-1 (ATCC) cells,
which express an abundance of versican (20). This cell line has
been useful in a number of studies where researchers examined
pharmacological and biological interventions to counteract the
high proliferative rate of LMS (28 –31). 50,000 LMS cells/well
were plated into 6-well dishes and tested in triplicate for each
concentration and siRNA target. RNA was extracted 48 h
post-transfection using TRIzol. Quantitative real time PCR
(Prism7000, Applied Biosystems) was performed to determine
the level of versican message for each siRNA versus control,
which received only nonspecific scrambled sequence and or the
transfection reagent.

Derivation of LMS/siRNA Versican (LMS/siRNA Vc), LMS/
Empty Vector (LMS/EV) Control, and LMS/siRNA Scrambled
(LMS/siRNA Scr) Control Transfection Plasmids—Having
determined which siRNA was the most effective at inhibiting
versican, two oligonucleotide pairs were synthesized: 1) a
64-mer, 5�-GATCCCAATTCACCTTCGAGGAGGCTTCA-
AGAGAGCCTCCTCGAAGGTGAATTTTTTTTGGAAA-
3�, with its complementary 3� to 5� sequence and built-in
BamHI and HindIII restriction site overhangs and 2) a scram-
bled siRNA control, 5�-GATCCACTACCGTTGTTAAGGT-
GTTCAAGAGACACCTATAACAACGGTAGTTTTTTGG-
AAA-3�, also with its complementary 3� to 5� sequence and
built-in BamHI and HindIII restriction site overhangs (both
from Sigma-Genosys). These oligo pairs were annealed and
then subcloned into a pSilencer-3.1-H1neo (Ambion) plasmid
vector containing the H1 RNA pol III promoter and neomycin
selection cassette. The H1 promoter is well characterized (32)
and provides high levels of constitutive expression across a vari-
ety of cell types. Multiple clonal isolates of the LMS cell line,
SK-LMS-1, originally derived by Fogh and Trempe (33), were
used for all the transfection experiments. LMS cells were
transfected with pSilencer-3.1-H1-versican-shRNA-neo plas-
mid vector for versican-directed siRNA production versus
shScramble and empty vector controls using FuGENE 6 (Roche
Applied Science) according to the protocol and selected over

12–14 days using 600 �g/ml neomycin (G418, Invitrogen). The
cells were split, and individual cell island clones were selected
and isolated and then grown and cultured separately. These cell
isolates having been selected now represented only the trans-
fected population of cells and not a heterogeneous population as in
the initial in vitro transcribed siRNA experiments. Through the
course of experimentation, the cells were periodically screened in
the presence of selection antibiotics to assure the vector was main-
tained and still active. RNA from these stable cell lines was isolated
using the same RNA extraction protocol, and quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) was then
performed on siRNA-expressing versus empty vector control
clones. Assay-on-Demand (Applied Biosystems) primer/probe
sets were used to determine mRNA levels of versican. Expression
levels were all normalized to either �-actin or TATA-binding pro-
tein mRNA.

Analyses of Versican and HASs in LMS Tumor Cells—Versi-
can protein was identified by Western blotting of samples of
media from versican siRNA cells and empty vector controls as
we have described previously (34). Samples of media were run
on a diethylaminoethyl-Sephacel (DEAE) binding column fol-
lowed by elution using 8 M urea buffer (2 mM EDTA, 3 M NaCl,
50 mM Tris-HCl, 0.5% Triton X-100, pH 7.4) and then ethanol
precipitation. The proteoglycans were subjected to chondroitin
ABC lyase digestion (3 h at 37 °C) and electrophoresed over-
night on a 4 –12% gradient SDS-polyacrylamide gel. The result-
ing bands were transferred to nitrocellulose and blocked with
2% BSA (w/v; Roche Applied Science) in T-TBS (0.1% (v/v)
Tween 20, 0.15 M NaCl, 10 mM Tris-HCl, pH 7.4) for 1 h. The
nitrocellulose was probed with rabbit anti-human versican
polyclonal antibody (23) at a dilution of 1:3000 to detect all
versican isoforms followed by three washes with T-TBS. Alka-
line phosphatase-conjugated goat anti-rabbit secondary anti-
body was added (1:20,000 dilution) followed by three washes in
T-TBS. Proteins bands were identified using enhanced chemi-
luminescence CSPD substrate (Tropix) and visualized by fluo-
rography on Kodak XAR-2 film, and the band signal intensity
was quantified using NIH ImageJ software.

To analyze the level of mRNA transcripts for versican and
HAS1, -2, and -3 in the treated and control cells, total RNA was
isolated as described previously (24). Total RNA was quantified
by measuring the absorbance at 260 and 280 nm in a Beckman
DU640 spectrophotometer. The purity of the samples was
always A260/A280 �1.8.

Expression of versican and the three hyaluronan synthases
(HAS1, -2, and -3) in the treated and the control cells was exam-
ined by RT-PCR. Synthesis of single strand cDNA was per-
formed in 50-�l reactions (reagents were purchased from Pro-
mega unless stated otherwise) using 1 �g of total RNA, 2 �l of
oligo(dT) (Ambion), 2.5 �l of RNase inhibitor (40 units/�l), 5 �l
of deoxynucleotide triphosphates (dNTPs), 10 �l of 5�
Improm-II buffer, 12 �l of MgCl2 (25 mM), and 2.5 �l of
Improm-II reverse transcriptase per RNA sample. Annealing
was performed at 25 °C for 5 min, and cDNA single strand syn-
thesis was performed at 42 °C for 90 min. Conditions for RT-
PCR amplification were optimized for MgCl2 concentration
and temperature using a PTC-200 Peltier thermal cycler (MJ
Research, Inc.). PCRs were performed using 1 �l of single
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strand cDNA product, 250 �M dNTP, 2 �l of 10� AmpliTaq
Gold buffer, 5 pM each primer, 0.75 unit of AmpliTaq Gold
enzyme (Applied Biosystems), and MgCl2 (1.6 mM for versican,
HAS1, HAS2, and GAPDH and 2.2 mM for HAS3). Versican
primers were GCTTTGACCAGTGCGATTACG (forward)
and GCACAGCAGTAGACAATTCCG (reverse), HAS1 prim-
ers were TTCCTAAGCAGCCTGCGATA (forward) and
GGCAGCAGAGGGACGTAGTTA (reverse), HAS2 primers
were GCTCGCAACACGTAACGC (forward) and GTGTTT-
CAGTAAGGCACTTAGATCG (reverse), and HAS3 primers
were CCAGATCCTCAACAAGTACGACTC (forward) and
CACCACAATGGTTTTTCGG (reverse). PCR cycle condi-
tions were as follows: 10 min of initial enzyme activation at
95 °C, denaturing for 1 min at 95 °C, annealing at 59.5 °C for 1
min, extension at 72 °C for 1 min, and typically 30 cycles for
PCR product visualization.

For immunohistochemical visualization of versican in cells,
LMS/EV or LMS/siRNA Vc were cultured on 8-well chamber
slides for 48 h and immunocytochemically stained using a poly-
clonal anti-versican antibody (23). Following fixation in 10%
formalin and permeabilization in 0.1% Triton X-100, cells were
blocked with 10% normal goat serum for 1 h and then incubated
with primary rabbit anti-versican antibody overnight (1:1000 in
2% serum PBS). Alexa Fluor 594-labeled goat anti-rabbit IgG
(Molecular Probes) was used to visualize primary antibody, and
Hoechst 33342 (Molecular Probes) was used to stain nuclei. All
images were obtained using a Leica AOBS SP2 confocal micro-
scope and analyzed by Volocity software (PerkinElmer).

Growth, Adhesion, Cell Coat, and Migration Assays of LMS
Tumor Cells—Growth, thymidine, and migrations studies were
carried out in 6-well plates at 37 °C and 5% CO2. Equal numbers
of cells (50,000) were first plated (24 h) in complete Dulbecco’s
modified Eagle’s medium (DMEM) (0.25 mM glucose, 100
units/ml penicillin, 100 �g/ml streptomycin sulfate, 1 mM

sodium pyruvate, 1� non-essential amino acids; Invitrogen)
plus 10% fetal bovine serum (FBS). Cells were then fed DMEM
without serum and incubated for 72 h. For [3H]thymidine
incorporation assays, cell media were changed to DMEM plus
10% FBS. After 9 h, 1 �Ci/ml [3H]thymidine was added directly
to the culture medium and incubated for an additional 15 h.
Incubations were stopped by removing the medium and wash-
ing the cells once with ice-cold PBS and then three times with
6% ice-cold trichloroacetic acid (TCA) to precipitate the radio-
labeled DNA. Incorporated label was solubilized with 0.1 M

NaOH and scraping, and radioactivity was analyzed by liquid
scintillation counting (Beckman Coulter model LS-6500). Data
were expressed as disintegrations/min (dpm) per cell. For cell
counts, cell culture media were changed to DMEM plus 10%
FBS after an initial 72 h in DMEM without serum, and cells
were harvested at 0, 24, 48, and 96 h and counted using either a
Coulter Z1 cell counter or trypan blue and a hemocytometer.
Both methods gave comparable values. Differences were noted
in plating efficiency when comparing the LMS wild type (LMS/
WT), LMS/siRNA Scr, and LMS/EV cells with the versican
siRNA LMS cells. The versican siRNA cells adhered strongly
but not initially as well even though viability by trypan blue
indicated equal numbers of viable cells.

To test the role of purified versican on the adhesiveness, cell
coat thickness, hyaluronan retention, and proliferative rate of
LMS cells, versican was isolated and purified from bovine aorta
using methods described by Hascall et al. (35) and Olin et al.
(36) with modifications. Versican was extracted at 4 °C for 72 h
from freshly acquired bovine aorta by first finely grinding the
tissue (�440 g wet weight) directly into 4 M guanidine buffer (50
mM NaOAc, 2 mM Na2EDTA, 10 mM N-ethylmaleimide, 25 mM

6-amino-n-hexanoic acid, 5 mM benzamidine HCl, 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), pH 5.8) using �10 –15 ml
of extraction buffer/g of tissue and then filtered. The extract
was dialyzed (12–14-kDa-cutoff dialysis tubing) over five
changes (100 liters total) of deionized H2O. Following dialysis,
the sample volume was measured, and solid urea was added to a
concentration of 6 M, NaOAc to a final concentration of 0.05 M,
NaCl to a final concentration of 0.2 M, along with protease
inhibitors. As an initial step to partially purify the proteogly-
cans, 80 ml of DEAE (Sigma) suspended in 8 M urea buffer (50
mM Tris base, 0.5% Triton X-100, 0.25 M NaCl) were added,
mixed for 30 min, and then allowed to settle overnight at 4 °C.
The unbound buffer layer was removed, and the DEAE slurry
containing the versican was decanted into conical centrifuge
tubes. The DEAE was washed in a 4� volume excess of 8 M urea
buffer with 0.25 M NaCl five times, spinning down the DEAE
between washes. The proteoglycans were eluted using 1 M NaCl
urea buffer. The sample was redialyzed through five changes of
deionized H2O, and the product was shell frozen and lyophi-
lized overnight. The sample was then resuspended in 3 ml of 8 M

urea buffer (50 mM Tris base, pH 7.0) and run on a Sepharose
CL 4B (2 � 85 cm) column pre-equilibrated with 4 M guanidine
buffer (50 mM Tris-Base, 0.1% Chaps, pH 7.0) and eluted. For
the purposes of identification and determining the purity of
versican, chondroitin ABC lyase digestion of the final prepara-
tion produced core proteins of �550 and 500 kDa, correspond-
ing to V0 and V1. The preparation was free of contaminants as
judged by Coomassie Blue staining. The two major core protein
bands reacted with both versican antibodies tested (2B1 mAb
(Seikagaku, Japan) and 12C5 mAb (Developmental Studies
Hybridoma Bank, University of Iowa)) and were functional in
binding biotinylated hyaluronan prepared as described (37).
The highly purified versican was used in native, undigested
form for all experiments.

Versican and hyaluronan add-back experiments used equal
numbers of cells (50,000) made quiescent in serum-free DMEM
for 72 h and then cultured in the presence of complete DMEM
and 10% serum �versican and/or hyaluronan for 40 h. To
investigate migration, a monolayer wound repair assay was per-
formed. Cells were grown to confluence in 6-well plates, and
then the media were changed to DMEM without serum. Linear
wounds were made in the confluent monolayers using a rubber
1-mm stylet (four wounds per well in triplicate). Wounds were
imaged at 0, 12, and 24 h using a Nikon Eclipse TE200 inverted
microscope equipped with a Nikon Coolpix E995. Wound areas
were determined using ImagePro Plus (Media Cybernetics) and
expressed as a percentage of the area at time 0, which was taken
as 100%.

Hyaluronan Enzyme-linked Sorbent Assay—To determine
whether the levels of hyaluronan were altered in the tumor cells
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in which versican production had been decreased, hyaluronan
levels were measured by a competitive enzyme-linked sorbent
assay modified from that described previously (38, 39). Normal
myometrium smooth muscle cells (Cambrex) and LMS/WT
cells (SK-LMS-1) were compared with multiple LMS/siRNA Vc
clones. Briefly, media from 3-day cultures were harvested and
then digested with Pronase (500 �g/ml) in 0.5 M Tris base, pH
6.5 overnight at 37 °C. Following digestion, the Pronase was
inactivated by heating to 100 °C for 20 min. The samples were
mixed with biotinylated proteoglycan (38) and then added to a
hyaluronan-coated microtiter plate and incubated for 1 h at
room temperature. Plates were washed, and 100 �l of strepta-
vidin-labeled peroxidase (2 �g/ml) was added to each well and
incubated for 30 min at room temperature. Plates were washed,
and then 100 �l of 2,2�-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) in 0.1 M sodium citrate, pH 4.2 was added. The
resulting absorbances were measured at 405/570 nm on an
OPTImax microplate reader (Molecular Devices) using
SOFTmax PRO (version 4.3) software (Molecular Devices).
Readings at 570 nm were subtracted from those at 405 nm to
account for plate imperfections. The final signal was inversely
proportional to the level of hyaluronan in the medium.

Role for Versican in LMS Pericellular Coat Size—The peri-
cellular matrix morphometric analysis was performed as
described previously (40). Briefly, 100,000 cells were plated in
6-well tissue culture plates in DMEM containing 10% FBS. On
the following day, the cells were made quiescent in low serum
for 48 h and then cultured in the presence or absence of versi-
can. After 24 h, 600 �l of a suspension of fixed and washed
human erythrocytes (�108/ml) was added to the cells and
allowed to settle for 15 min. Pericellular matrix formation was
quantified using images captured on a Leica inverted micro-
scope equipped with an Insight model 14.2 Color Mosaic
camera (Diagnostic Instruments). The Advanced Spot (Diag-
nostics Instruments) Windows version 4.6 acquisition software
allowed precise measurements of the coat thickness defined as
the matrix excluding the erythrocytes perpendicular to the cell
body.

Hyaluronan Processing by the LMS Tumor Cells—To deter-
mine the role of versican in hyaluronan processing, cells were
cultured for 24 h in the presence of 10% FBS. At 24 h, the media
were changed to 10% complete DMEM with or without FITC-
labeled hyaluronan. At 72 h, the cells were trypsinized, replated
at 100,000 cells/well, and cultured an additional 24 h in the
presence or absence of versican. The level of fluorescence indi-
cated the level of hyaluronan processing and retention by the
cell. Images were acquired using a Leica DM2500 microscope
with Leica N Plan objectives and an Insight model 14.2 Color
Mosaic camera. The acquisition software was Advanced Spot
Windows version 4.6, and NIH ImageJ software was used to
threshold the image data (count pixels) to determine the level of
hyaluronan processing.

Analyses of Tumor Growth in the LMS Nude Mouse Tumor
Model—A well established tumor cell growth model (31) was
used combined with the clonal populations of the human uter-
ine tumor cell line SK-LMS-1 described above. A total of 30
mice were treated. Twelve immunocompromised BALB/c nude
mice (Charles River Laboratories) each received 2 � 106

LMS/siRNA Vc knockdown cells on one dorsal flank subcuta-
neously, six received 2 � 106 LMS/siRNA Scr cells, six received
2 � 106 LMS/EV cells, and six received 2 � 106 LMS/WT cells.
The mice were observed every day after the initial injection, and
tumor volumes were measured (see below) from the living ani-
mals. At the end of the study, the animals were euthanized, and
the tumors were excised for further histological analyses to
determine versican and hyaluronan expression levels and
tumor mitotic index. This study was approved by the Benaroya
Research Institute Animal Care and Use Committee, and care
and use of the experimental animals were carried out in accor-
dance with the United States Animal Welfare Act.

The volume of the tumor (V) was determined on the basis of
three mutually orthogonal measurements (X, Y, and Z) of the
tumor nodule made using a high precision (accurate to 0.001
mm) digital caliper. As in a previous report, the formula V �
XYZ�/6 was used to calculate tumor volume (41). The number
of tumors used for volume measurements in each group was as
follows: LMS/siRNA Vc, 11; LMS/siRNA Scr, 6; LMS/WT, 6;
and LMS/EV, 5.

After 21 days of tumor growth, the mice were sacrificed. The
tumors were excised, fixed in 10% neutral buffered formalin for
24 h, and then processed into paraffin. Five-micrometer sec-
tions were used for hematoxylin and eosin (H&E) staining and
all histochemical and immunofluorescence staining. Mitotic
figures were counted in 10 randomly selected high power fields
(400�) per section and expressed as a mitotic index. Mitotic
figures were counted in five sections from each tumor (LMS/EV
control versus LMS/siRNA Vc), and mitotic index values were
compared. Three LMS control tumors and three versican
siRNA LMS tumors were used for histologic evaluation and
mitotic counting.

Statistical Analysis—Student’s t test was used to determine
statistical significance of all analyses except in the microarray
analysis where a Fisher’s exact test was also used. These statis-
tical analyses were performed using Microsoft Excel version
14.0. Differences were considered significant when p was
	0.05.

RESULTS

LMS Tumors Accumulate Versican—Tissue samples taken
from 15 patients were identified as either benign leiomyoma or
one of three grades of smooth muscle cell tumor (LMS grades
1–3), and four patients with normal myometria were used as
controls. Normal myometrial controls displayed limited if any
versican immunostaining (Fig. 1A), and the leiomyoma samples
displayed slightly more versican staining (Fig. 1B), whereas all
the LMS tumor grades (Fig. 1, C–E) indicated intense and
widely distributed versican staining. The staining pattern for
versican in the tumor samples in terms of intensity and distri-
bution was consistent for all the samples tested. Histologically,
the malignant tumors grew in interlacing bundles of smooth
muscle cells displaying multifocal, moderate to severe cytologic
atypia and a mitotic index of greater than 10 mitotic figures per
10 high power fields for higher grade tumors. Tumor grades 1
and 2 showed the most intense versican staining, and areas of
high versican accumulation corresponded to areas of the great-
est cellularity in the lower grade tumors. Northern blot data
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from homogenized LMS tumors indicated significantly higher
versican mRNA levels versus adjacent normal myometrium
(Fig. 1F).

To further understand whether versican plays a tumor-pro-
moting role in soft tissue neoplasms, we analyzed gene microar-
ray expression data from 80 LMSs and 24 leiomyomas (Fig. 1G).
On average, versican mRNA showed a 2-fold up-regulation in
expression in LMS samples versus leiomyoma, which repre-
sented a statistically significant increase (t test, p � 0.0365).
Furthermore, when ranking all 104 cases by versican mRNA

level and adjusting for the relative number of each sample type,
cases with higher than average versican expression levels were
significantly more likely than cases with lower than average
versican expression levels to be LMS (Fisher’s exact test, p �
0.0026). Together, these results are consistent with the notion
that versican may play a role in mediating the aggressiveness of
LMS tumors as compared with benign leiomyomas.

Versican-directed siRNA—LMS cells were treated with indi-
vidual in vitro transcribed siRNAs specifically directed and
spaced along the length of versican mRNA. Quantitative RT-

FIGURE 1. Versican is highly expressed in clinical samples of leiomyosarcoma tissue. Histological assessment of normal myometrium shows low to
undetectable levels of versican expression (A) and an increase in versican levels in leiomyomas (B) when compared with normal myometrium. This increase,
however, is intermediate and less than that found in grade 1, 2, and 3 leiomyosarcoma tumors. The three grades of tumor (LMS grades 1–3; C–E) express
comparably more versican. Grade 1 and grade 2 LMS tumors (C and D) displayed the greatest versican expression in terms of both intensity and distribution.
The increased cellularity in lower grade tumors appeared to correspond to areas of high versican expression. Original magnification, 400�. F, Northern blot
analyses of LMS tissue show a high level of versican transcript versus adjacent normal myometrial controls. The blot represents loading based on equal amounts
of 28 S RNA. Arrowheads (“) indicate versican isoform bands V0 and V1 on the basis of size, top to bottom (79). G, versican mRNA is up-regulated in LMS versus
benign leiomyoma. Scatter plots are shown for versican mRNA expression levels in clinical samples of 80 LMSs and 24 benign leiomyomas as analyzed by gene
expression microarrays. On average, LMS samples showed an approximate 2-fold increase in versican transcript levels when compared with leiomyoma
samples, which represented a statistically significant up-regulation, R/G, red-to-green ratio (mean � S.E. (error bars); t test, *, p � 0.0365).
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PCR mRNA analyses revealed that the 5�-G1 domain-directed
siRNA (1059) was the most effective at inhibiting versican
(55 � 1.8% reduction versus 18 � 3.2% for the 1361, �-GAG
domain-directed; 10 � 2.1% for the 4592, �-GAG domain-di-
rected; and 22 � 3.7% for the 6775, G3 domain-directed
siRNAs). Subsequently, the corresponding 1059 siRNA cDNA
was successfully subcloned into the pSilencer-3.1-H1neo plas-
mid expression vector with its neomycin selection cassette. The
proper orientation and sequence of the insert were confirmed
by nucleotide sequencing. Thus, when transfected into LMS
cells, stable clones with constitutively reduced versican levels
were successfully produced.

When measured by quantitative RT-PCR, an 85% reduction
in versican mRNA was achieved (Fig. 2A), and a 95% reduction
of versican protein levels was detected by Western blot (Fig.
2B). These results were supported by immunofluorescence
analysis that showed a significant decrease in versican staining
associated with the cells as compared with the LMS empty vec-
tor control cells, which produced abundant versican (Fig. 2, C
and D).

Reducing Versican Expression by siRNA Alters LMS Tumor
Cell Shape and Adhesion—Morphologically, the LMS/WT,
LMS/EV, and LMS/siRNA Scr control cells were spindle-
shaped and spread rapidly (Fig. 3A), whereas the LMS/siRNA
Vc cells were flatter, more polygonal, and grew in tight rounded

islands (Fig. 3B). In addition, the trypsinization time for com-
plete cell removal from cell culture plastic changed with chang-
ing versican levels. The time for cells to be removed from cell
culture plastic was �10 times longer for the LMS/siRNA Vc
cells versus the LMS/WT, LMS/EV, or LMS/siRNA Scr control
cells (Fig. 3C). Addition of versican to the LMS/siRNA Vc cells
reversed the adhesive phenotype as evidenced by the reduction
of trypsinization time for removal of the LMS/siRNA Vc tumor
cells from the culture dish with added versican (Fig. 3C).

Reducing Versican Expression by siRNA Decreases LMS
Tumor Cell Proliferation and Migration—The LMS/siRNA Vc
cells in which the versican had been reduced by versican-di-
rected siRNA had significantly decreased proliferation and
migration rates (Fig. 4). Furthermore, the incorporation of
[3H]thymidine into DNA was significantly reduced in versican
siRNA-transfected cells when compared with LMS/EV and
LMS/siRNA Scr controls (Fig. 4A). This was observed for all the
LMS/siRNA Vc cell clones tested (n � 7). The increase in cell
number over time was also significantly reduced for the
LMS/siRNA Vc cells (Fig. 4B). However, this reduction of LMS
tumor cell growth by reducing versican levels could be reversed
if versican was added back to the LMS/siRNA Vc cell cultures in
a dose-dependent manner (Fig. 4C). To evaluate the impact of
reducing versican on LMS tumor cell migration, a scratch
wound assay was performed using confluent LMS cells.

FIGURE 2. Versican siRNA efficiently inhibits versican expression. By constitutive expression of versican siRNA in LMS cells, as much as an 85% reduction in
versican mRNA (A) and a 95% reduction in versican protein were achieved (B). * represents statistical significance (p 	 0.05) between LMS/siRNA Vc clones (1,
2, and 3) compared with LMS control cells (error bars represent �S.D.). Densitometry of the Western blot (B) depicts the relative versican protein levels for the
V1 isoform. C and D, LMS/EV or LMS/siRNA Vc cells were cultured for 24 h on 8-well chamber glass slides. Cells were fixed and immunocytochemically stained
for versican (red). Cell nuclei were counterstained with Hoechst 33342 (blue). Immunocytochemical analysis confirmed that versican levels were significantly
reduced in the LMS/siRNA Vc cells.
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LMS/siRNA Vc-treated cells migrated at a significantly slower
rate than LMS/WT control cells (Fig. 4D).

Reducing Versican Expression by siRNA Reduces LMS Tumor
Cell Production of Hyaluronan and Pericellular Coat For-
mation—Because the medium from LMS tumor cells was
highly viscous with a gel-like consistency and the medium
from the LMS/siRNA Vc-modified cells was not, we examined
the media for the presence of hyaluronan. Strikingly, the
LMS/siRNA Vc clones produced significantly less hyaluronan
closer to normal myometrial cell production levels compared
with the LMS cells, which produced much more hyaluronan
(Fig. 5A). Moreover, HAS2 and HAS3 expression in the
LMS/siRNA Vc clones was 3– 4-fold less than LMS controls
(Fig. 5B). HAS1 was not detected in either LMS tumor cells or
LMS/siRNA Vc-modified cells (data not shown). These results
indicate that hyaluronan synthesis and/or accumulation by
LMS tumor cells is in some way linked to the synthesis of ver-
sican by these cells.

To determine the contribution of hyaluronan and versican to
LMS tumor cell proliferation, hyaluronan and versican were
added separately or together to LMS/siRNA Vc cells. The addi-
tion of exogenous, high molecular weight hyaluronan led to a
significant 20% increase in cell number for the LMS/siRNA Vc
cells (p � 0.015); however, the effect with the addition of exog-
enous versican was significantly greater (p � 0.0006), leading to

a 270% increase in the number of LMS/siRNA Vc cells and near
complete restoration to LMS/EV control tumor cell numbers
(Fig. 5C). Moreover, an additive or synergistic effect between
hyaluronan and versican was observed as the increase in cell
number by versican alone was lower in comparison with the
combination of hyaluronan and versican together (p � 0.004).

Because both hyaluronan and versican contribute to pericel-
lular coat formation during the proliferative and migratory
phases of several cell types (for a review, see Ref. 42), we asked
whether differences existed in the extent of pericellular coat
formation between LMS tumor cells and LMS tumor cells in
which versican and hyaluronan had been reduced by siRNA to
versican. Using a particle exclusion assay, the presence of a
distinct pericellular matrix around cultured cells was demon-
strated by the exclusion of fixed red blood cells. LMS tumor
cells exhibited an extensive pericellular coat (Fig. 6, A and D),
whereas this coat was significantly reduced in the LMS/siRNA
Vc cells (Fig. 6, B and D). However, adding exogenous versican
to LMS/siRNA Vc cells restored the thickness of the pericellu-
lar coat in a dose-dependent manner (Fig. 6, C and D). We also
added back versican and hyaluronan to the control transfected
LMS cells and found little if any additional increase in cell pro-
liferation or cell coat thickness (no significant increase was
observed; data not shown). We next tested what role versican
was playing in the maintenance, processing, and/or retention of

FIGURE 3. LMS/siRNA Vc cells are more polygonal, have a less migratory phenotype, and are more adhesive to cell culture plastic compared with LMS
cells. A, LMS/EV (shown), LMS/WT, and LMS/siRNA Scr control cells growing from clonal islands assume spindle shapes typical of rapidly proliferating smooth
muscle cells. B, in contrast, LMS cells transduced to express versican siRNA are flatter, more polygonal, and cluster into aggregates. Scale bars, 30 �m. C,
trypsinization time for complete removal of the cells was �10 times longer for the versican siRNA cells (gray bar) than the LMS/EV controls (black bar) (n � 6)
(***, p 	 0.0001). D, addition of versican to the LMS/siRNA Vc cells reversed the adhesive phenotype in a dose-dependent manner. Error bars represent �S.E.
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hyaluronan by providing FITC-labeled hyaluronan for 72 h to
versican-depleted LMS/siRNA Vc cells and then replating the
cells in the presence or absence of versican. The cells that were
supplemented with purified exogenous versican maintained
the FITC-labeled hyaluronan to a significantly greater extent
(Fig. 6, compare E–G), indicating that versican increased the
retention and/or decreased the degradation of hyaluronan.

Tumor Induction in Nude Mice—To test the impact of versi-
can synthesis on tumor development, either LMS/WT, LMS/
EV, or LMS/siRNA Scr controls or LMS cells constitutively
expressing versican siRNA were injected into nude mice, and
tumor growth was examined over a 3-week period. H&E stain-
ing of the LMS/WT, LMS/EV (shown), and LMS/siRNA Scr
tumor control groups revealed tumor cells separated by ECM,
whereas the LMS/siRNA Vc tumors contained cells that were
smaller and separated by less ECM (Fig. 7, A and B). Immuno-
histochemical analysis of versican and hyaluronan revealed that
the empty vector control LMS tumors continued to accumulate
high levels of versican and hyaluronan (Fig. 7, C and E), whereas
the versican siRNA LMS tumors were smaller and had very low
levels of versican and hyaluronan (Fig. 7, D and F).

Analysis of tumor volume demonstrated a marked reduction
in tumor growth in animals injected with LMS/siRNA Vc cells
(Fig. 7G). A linear mixed model was fit to the data in Fig. 7G
with time, group, and time � group as fixed effects and mouse
as a random effect. The model showed that the differences

in the tumor volume changes over time were statistically signif-
icant between the three groups (p 	 0.0001) with the LMS/
siRNA Scr and LMS/EV experimental groups showing the
greatest increases over time and the LMS/siRNA Vc showing
the smallest increase over time. In support of these findings,
mitotic index analyses were 3– 4-fold lower for the LMS/siRNA
Vc cells compared with the LMS/EV cells (Fig. 7H).

DISCUSSION

The results of this study indicate that versican expression
and content are elevated in human LMS tumors when com-
pared with normal myometrium and benign leiomyomas.
Increased versican levels have been observed in breast and
prostate cancers (20, 43) and are associated with high meta-
static potential and poor prognosis in patients with cervical
(44), laryngeal (45), testicular (14), and gastric (46) cancers but
have not been fully characterized in LMS. In contrast to these
epithelial carcinomas, LMS tumors are derived from smooth
muscle cells of mesothelial origin in the stroma of the affected
organ. Moreover, in all of these tumor types, including LMS,
versican expression levels are positively correlated with tumor
grade, indicating a poor prognosis. What is not clear, however,
is how high levels of versican impact tumorigenesis.

Versican in LMS and the Regulation of Tumor Cell Pheno-
type—The results of our study detail and link the ability of the
LMS tumor cells to synthesize versican and their ability to

FIGURE 4. DNA replication, cell proliferation, and migration are inhibited by versican knockdown; however, cell proliferation is reversible by versican
add-back. [3H]Thymidine levels (A) and cell proliferation (B) indicate that the LMS/WT (●) and LMS/siRNA Scr (�) control cells divide and proliferate at a
significantly higher rate than the two different versican siRNA LMS cells (� and E). C, the reduction in the proliferative rate induced by versican siRNA can be
reversed by the addition of purified versican to the culture medium. Exogenous versican exerts its effect in a dose-dependent manner (*, p 	 0.05; analyzed at
40 h). D, in a wound migration assay, the migration of LMS cells (Œ) was significantly greater (*, p 	 0.05) at 12 and 24 h than that of LMS cells transduced with
versican siRNA (E) (n � 4). Error bars represent �S.E.
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migrate, proliferate, adhere, and synthesize ECM hyaluronan.
Such findings implicate versican as an ECM molecule capable
of regulating several aspects of LMS tumor cell phenotype. Fur-
thermore, knocking down versican expression in LMS tumor
cells had a dramatic effect on tumor growth in an LMS mouse
model, confirming a critical role for this ECM macromolecule
in LMS tumor progression.

Tumorigenesis is a multistage process involving aberrant
proliferation, tissue invasion, destruction of adjacent tissue,
and metastatic growth or spread to other locations in the body.
These malignant properties of cancers differentiate them from
benign tumors, which are self-limited in their growth and with
rare exception do not invade or metastasize. Although versican
is known to accumulate in benign neoplasms of leiomyoma

(18), we found that mRNA levels for versican were significantly
greater in leiomyosarcomas versus leiomyomas, suggesting that
versican may have a role in the invasiveness of the malignant
LMS tumors. Along these lines, Mäkinen et al. (47) showed that
mutations in MED12, a mediator complex subunit gene located
on the X chromosome, are found in 70% of benign leiomyomas.

FIGURE 5. Reduction in hyaluronan and HAS levels with a reduction in
versican synthesis. A, a decrease in hyaluronan production levels followed
versican levels knocked down by siRNA. LMS/siRNA Vc clones (gray bars)
along with normal uterine smooth muscle cell (NUtSMC) controls (open bar)
produce significantly less total hyaluronan than the LMS/WT tumor cells
(black bar) and on an equal cell basis (*, p 	 0.05). B, RT-PCR for HAS2, HAS3,
and versican for LMS/WT control tumor cells and LMS/siRNA Vc cells (upper
panel) in which versican mRNA had been constitutively reduced using versi-
can-directed siRNA. Densitometry of RT-PCR averaged control (n � 4) (black
bars) or siRNA clones (n � 3) (gray bars) showed a significant reduction in the
levels of HAS2, HAS3, and versican in the cells expressing versican siRNA (*,
p 	 0.05). All lanes were normalized to GAPDH. C, large molecular weight
hyaluronan by itself does not restore the proliferative profile of LMS/siRNA Vc
cells to LMS/WT levels but does with the addition of purified versican.
Although there is a significant increase in cell proliferation with the addition
of hyaluronan (30 �g/ml; *, p 	 0.015), the increase due to the addition of
versican at nanogram levels is significantly greater (***, p 	 0.0001), and near
complete restoration (96.6%) of the cell native proliferative rate is achieved at
100 �g/ml versican. The difference between versican alone and versican 

large hyaluronan is significant (**, p 	 0.004), suggesting an additive or syn-
ergistic effect between hyaluronan and versican on cell proliferation. Error
bars represent �S.D.

FIGURE 6. Versican increases pericellular coat thickness and limits hyalu-
ronan degradation. A, LMS/WT (shown), LMS/EV, and LMS/siRNA Scr control
cells have prominent pericellular coats. Arrowheads (”) and dotted white lines
mark the pericellular boundaries. B, LMS/siRNA Vc cells display a diminished
cell coat, which increases in thickness with the addition of exogenous versi-
can (C). Individual cells were examined with a particle exclusion assay 24 h
after the addition of versican. Measurements were perpendicular to the cell
membrane at the point of maximum coat thickness. Scale bars, 50 �m. The
cell coat thickness of the LMS cells is significantly greater than the LMS/siRNA
Vc cells (*, p 	 0.05) and increased significantly (*, p 	 0.05) with the addition
of exogenous versican to the cell medium. D, bar graph representing the
average � S.E. of n � 172 cells counted for control LMS cells, n � 293
LMS/siRNA Vc cells with 0 �g/ml versican, n � 104 cells with 3 �g/ml versican,
and n � 67 cells with 10 �g/ml versican. E–G, degradation of internalized
FITC-hyaluronan is inhibited in the presence of versican. Media for versican-
depleted LMS/siRNA Vc cells was supplemented with FITC-labeled hyaluro-
nan for 72 h, and then the cells were trypsinized and replated. After 24 h, the
amount of FITC-labeled hyaluronan was measured in the absence (E) or pres-
ence (F) of 10 �g/ml purified versican. Scale bars, 100 �m. Cells receiving
versican retained a significantly greater amount of hyaluronan (*, p 	 0.001)
(G). Error bars represent �S.D.
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FIGURE 7. Versican and hyaluronan are highly expressed in LMS tumors in comparison with versican siRNA tumors. LMS tumors also grow continuously
with a high mitotic index, whereas versican siRNA tumors grow only slowly and at one-third the mitotic index. Images (A–F) represent subcutaneous tumors
excised after 21 days in nude mice; all image pairs were taken at equal exposure. H&E staining of tumor sections reflects a highly hyperplastic cellular response
in the LMS tumors (A) not seen in the versican siRNA tumors (B). Multinucleation, cytologic pleomorphisms (arrowheads), and tissue necrosis were observed in
LMS tumors, whereas less cellular atypia and no evidence of necrosis were observed in the versican siRNA tumors. Scale bars, 100 �m. Original magnification,
400�. The constitutively expressing versican siRNA LMS cells (panels on the right) only faintly express versican (D) and hyaluronan (F) compared with the
tumors of the empty vector control panels on the left (C, versican; E, hyaluronan). Over the 3-week study period, the LMS tumors grew continuously (G) with a
high mitotic index (H), whereas versican siRNA tumors grew slowly and at one-third the mitotic index. G, tumor volume over time in nude mice injected
subcutaneously in LMS/EV (Œ; n � 5; �S.E.) and LMS/siRNA Scr (�; n � 5; �S.E.) control cell tumors versus LMS/siRNA Vc cell tumors (E; n � 11; �S.E.). *, p 	
0.001. Error bars, �S.E. H, mitotic index of LMS control cell tumors versus LMS/siRNA Vc cell tumors. The box graph depicts median � S.D., and error bars show
the minimum and maximum range of mitotic figures per 10 400� fields (n � 15). *, p 	 0.01.
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A decrease or functional loss through mutation in MED12
down-regulates �-catenin-mediated signaling, which is a major
upstream transducer of versican expression (48). The relation-
ship between MED12 mutation and a down-regulation in ver-
sican expression could potentially explain phenotypic differ-
ences between leiomyoma and LMS, benign versus metastatic
tumors, but will require further study.

LMS tumors are characterized phenotypically as having less
differentiated, highly synthetic, and highly proliferative smooth
muscle cells with large atypically elongated nuclei, and multi-
nucleated cells are not uncommon (49). We found that LMS
cells and tumors were highly proliferative and migratory and
produced an abundance of versican. Although features of aty-
pia, cellularity, necrosis, and size correlate to some extent with
malignancy, mitotic activity historically has been used as the
most reliable parameter (49 –51). Our findings that LMS tumor
growth, tumor core necrosis, and mitotic index are dramati-
cally reduced by decreasing the synthesis of versican further
confirm the importance of the ECM in regulating cancer phe-
notype. LMS tumors that have a mitotic index (mitotic figures
per 10 high power fields) of greater than 10 together with dif-
fuse cytologic atypia and tumor cell necrosis highly correlate
with metastases (52–54). In the present study, we observed a
mitotic index of greater than 30 for the control LMS tumors
along with high versican and hyaluronan levels and cytologic
atypia. The LMS/siRNA Vc tumors in contrast had a mitotic
index of less than 10 along with less cytologic atypia, no necro-
sis, and low levels of versican and hyaluronan.

In addition, we found that LMS cell adhesion could be
increased or decreased through the modulation of versican lev-
els. Yamagata and Kimata (55) demonstrated that reducing ver-
sican levels increased osteosarcoma cell adhesion, whereas in
contrast increased expression of versican was correlated with
low adhesion levels and metastatic spread of cancer cells (55,
56). The same was recently demonstrated by Bu and Yang (57)
with the modulation of versican in malignant melanoma. In
that study, the researchers showed that down-regulation of ver-
sican was directly correlated with decreased migration of the
melanoma tumor cells. Moreover, other studies have shown
that silencing of versican promotes cell adhesion to type I col-
lagen, laminin, and fibronectin, indicating that versican plays
proliferative, antiadhesive, and promigratory roles in mela-
noma (58). Nonetheless, the precise mechanism of the recipro-
cal relationship of versican with cell adhesion has not been
established, but here we demonstrate that the adhesiveness of
LMS cells can be modulated with the reduction or the addition
of versican along with the pericellular coat thickness.

Recent studies indicate that versican may play additional
roles in promoting the metastatic potential of certain cancers.
For example, Kim et al. (13) showed that knocking down versi-
can using shRNA significantly reduced the number of metasta-
sized nodules in lungs and liver and the incidence of metastases
when versican-depleted Lewis lung carcinoma cells were
injected into tail veins of wild type mice. This and other studies
(17, 59, 60) have demonstrated that versican secreted by tumors
can induce macrophages to produce inflammatory cytokines that
promote tumor growth and metastasis. Intriguingly, highly meta-
static Lewis lung carcinoma cells express highly sulfated chondroi-

tin sulfate such as chondroitin 4,6-sulfate (CS-E), and pretreat-
ment of the cells with chondroitin ABC lyase or with blocking
antibodies against chondroitin 4,6-sulfate significantly reduces
lung metastases when the pretreated cells are injected into the tail
veins of syngeneic mice (61). In the case of LMS, it may be that the
expression of versican isoforms with abundant chondroitin sulfate
chains (e.g. V0 and V1) by the LMS cells leads to a GAG-dependent
localization and activation of cytokines, growth factors, and met-
alloproteinases (62, 63) that promote a proliferative and metastatic
microenvironment.

Relationship of Hyaluronan and Versican in LMS Tumors
and Tumor Cell Phenotype—Our finding of reduced levels of
hyaluronan and mRNAs for HAS2 and HAS3 accompanying
reduced levels of versican in LMS tumor cells suggests that
these molecules, through a yet to be defined mechanism, may
be co-regulated. Heightened levels of both hyaluronan and ver-
sican in tumor progression have been reported previously (45,
46, 64). It has also been reported that in many cancers the level
of hyaluronan is considered to be a reliable prognostic indicator
of malignant progression (65). Reduced levels of hyaluronan
lead to significantly greater binding avidity of ovarian tumor
cells to underlying mesothelium (53), whereas high levels of
hyaluronan are correlated with increased migration and the
ability of the cancer cells to traverse the ECM. Data from the
overexpression of HAS1–3 or perturbation of hyaluronan pro-
duction in several cancer cell lines have suggested that the accu-
mulation of hyaluronan stimulates growth, survival, invasion,
and metastasis of cancer cells (66 – 68). Thus, it is likely that
both hyaluronan and versican participate in the formation of a
permissive microenvironment around the LMS tumor cells to
promote their proliferation (42, 69). It is interesting to note that
our data show that a maximal proliferative response is achieved
when the two molecules are added together, suggesting that a
versican-hyaluronan complex may be optimal for the prolifer-
ative response of the LMS cells. The idea that versican and
hyaluronan act synergistically and are co-regulated is under-
scored by our findings that the volume of the pericellular
matrix, which consists primarily of hyaluronan (40), could be
modulated by altering versican levels: knocking down versican
reduced the pericellular volume, which was restored by expo-
sure of the cells to purified versican. Moreover, we also deter-
mined that versican maintained or prevented the degradation
of internalized hyaluronan. Ricciardelli et al. (70) showed that
both versican and hyaluronan promoted malignant prostate
epithelial cell migration, but predigestion with hyaluronidase
(but not chondroitinase) reversed the increase in migration. In
contrast to metastatic, rapidly proliferating LMS tumors,
Mitropoulou et al. (71) observed that benign leiomyomas accu-
mulated a lower amount of hyaluronan compared with normal,
adjacent myometrium. In that study, the low amount of hyalu-
ronan observed in leiomyomas was related to the low rate of
growth and the benign nature of the tumor. In addition to a role
for hyaluronan, our data suggest an additive role for versican in
matrix-mediated tumor phenotypes.

Macromolecules such as versican and hyaluronan may influ-
ence the observed phenotype and facilitate tumorigenesis
through cell surface signaling, e.g. versican through EGF recep-
tor and integrin domains (72, 73) and hyaluronan through cell
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surface hyaluronan-binding receptors CD44 and receptor for
hyaluronan-mediated motility (74). This hypothesis is sup-
ported by recent studies that show that an siRNA-mediated
down-regulation of versican leads to a corresponding reduction
in CD44 (75), whereas an up-regulation of versican leads to a
corresponding increase in CD44, matrix metalloproteinase-9,
and receptor for hyaluronan-mediated motility (63). Moreover,
overexpression of the G3 domain of versican in astrocytoma
cells is associated with the development of larger tumors (72).
This effect is attributed to modulation of cell signaling through
the EGF receptor via versican G3 interactions. One hypothesis
for the increased versican expression in a multitude of cancers,
including our study, is that the interaction of hyaluronan with
its receptor CD44 increases versican expression. CD44 has
been shown to regulate cell migration in human colon cancer
cells via Lyn kinase and AKT phosphorylation (76), and AKT
phosphorylation is tied to GSK-3�/�-catenin activation (48).
This is particularly significant as versican expression is in large
part driven by the AKT/GSK-3�/�-catenin pathway (48). The
activation of the CD44/AKT signaling axis by pericellular
hyaluronan could explain the increased expression of versican
observed in many cancer types, including the LMS tumors we
examined. This hypothesis is supported by recent work by Kast-
ner et al. (77) where treatment of mesangial cells with exoge-
nous hyaluronan increased versican expression levels 3-fold.
Thus, hyaluronan and versican may regulate one another in
LMS with hyaluronan stimulating versican expression and ver-
sican levels modulating hyaluronan expression.

Taken together, our results describe the interplay of versican
and hyaluronan in the control of LMS phenotype. For example,
when versican was depleted, LMS proliferation, migration, and
DNA replication were significantly reduced. Furthermore, the
changes in versican expression changed both the expression of
hyaluronan-synthesizing enzymes and the production of
hyaluronan, which is required for cell division (78). Versican
was also shown to be critical for preserving hyaluronan accu-
mulation possibly by preventing its degradation. A role for ver-
sican in LMS tumors is diagrammatically depicted in Fig. 8. A
reduction of versican shown in our study could impact signal-
ing pathways by altering integrin �1 and/or growth factor
receptor interactions necessary for proliferation and migration
via the G3 domain of versican (7). Also, versican could influence
CD44 and or receptor for hyaluronan-mediated motility signal-
ing either directly or through effects on binding to hyaluronan.
Nevertheless, changes in cell-to-matrix interactions of LMS
cells mediated by versican and hyaluronan expression levels
along with subsequent downstream signaling events suggest
key roles for these molecules in the cancer biology of LMS and
the focus of future studies.

In conclusion, we determined that the depletion of versican
in LMS tumor cells by siRNA inhibits proliferation, migration,
and hyaluronan expression in vitro and tumorigenic activity in
vivo. These effects implicate this ECM proteoglycan as a poten-
tial point of control for treatment of LMS and other tumor
types that express high levels of versican.
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